Measurement of the ratio of B + c branching fractions to J/ψπ + and J/ψµ + ν µ final states
Introduction
The B + c meson is the ground state of thebc quark-pair system and is the only meson in which weak-interaction decays of both constituents compete with each other.
1 About 70% of the decay width is expected to be due to the c → s transition, favored by the Cabibbo-Kobayashi-Maskawa quark-coupling hierarchy [1] . This decay process has recently been observed in the B + decays were used to measure its lifetime [7] , mass [8] [9] [10] , production cross-section at the LHC [10] and as a reference for other hadronic branching fraction measurements [11] [12] [13] [14] [15] [16] . However, there is no experimental determination of the relative size of semileptonic and hadronic decay rates. The goal of this work is a measurement of the ratio of branching fractions,
and to test various theoretical models of B + c meson decays, for which predictions of R vary over a wide range, 0.050-0.091 [17] [18] [19] [20] [21] [22] [23] [24] .
Analysis outline
Final states containing a muon offer a distinctive experimental signature and can be triggered and reconstructed with high efficiency at LHCb. Therefore, this analysis relies on J/ψ decays to µ + µ − . Since the neutrino is not detected, both of the studied decay modes are reconstructed using a J/ψ candidate plus a charged track (t + ), referred to as the bachelor track. The mass of J/ψ π + signal candidates peaks at the B + c mass within the experimental resolution, allowing a straightforward signal yield extraction in the presence of relatively small backgrounds under the signal peak. The main challenge in this analysis is the signal yield extraction for the B + c → J/ψ µ + ν µ decay mode, as the J/ψ µ + mass (m J/ψ µ ) distribution is broad due to the undetected neutrino. To suppress the dominant backgrounds, the analysis is restricted to the m J/ψ µ > 5.3 GeV endpoint region and uses the mass-shape difference between the signal and the remaining background to extract the B + c → J/ψ µ + ν µ signal yield. 2 In this mass region the neutrino has low energy, thus the B + c → J/ψ µ + ν µ candidates are kinematically similar to the B + c → J/ψ π + candidates. Therefore, many reconstruction uncertainties cancel in the ratio of their rates, allowing a precise measurement of R(m J/ψ µ > 5.3 GeV). This endpoint value is then extrapolated to the full phase space using theoretical predictions. Since the B + c and J/ψ are both 1S heavy quarkonia states, the form factors involved in predicting the extrapolation factor and the shape of the mass distribution at the endpoint have only modest model dependence.
Detector and data sample
The analysis is performed on a data sample of pp collisions at a center-of-mass energy of 7 TeV, collected during 2011 by the LHCb experiment and corresponding to an integrated luminosity of 1.0 fb −1 . The LHCb detector [25] is a single-arm forward spectrometer covering the pseudorapidity range 2 < η < 5, designed for the study of particles containing b or c quarks. The detector includes a high-precision tracking system consisting of a siliconstrip vertex detector surrounding the pp interaction region [26] , a large-area silicon-strip detector located upstream of a dipole magnet with a bending power of about 4 Tm, and three stations of silicon-strip detectors and straw drift tubes [27] placed downstream of the magnet. The tracking system provides a measurement of momentum, p, with a relative uncertainty that varies from 0.4% at low momentum to 0.6% at 100 GeV. The minimum distance of a track to a primary vertex, the impact parameter (IP), is measured with a resolution of (15 + 29/p T )µm, where p T is the component of p transverse to the beam, in GeV. Different types of charged hadrons are distinguished using information from two ring-imaging Cherenkov detectors [28] . Photon, electron and hadron candidates are identified by a calorimeter system consisting of scintillating-pad and preshower detectors, an electromagnetic calorimeter and a hadronic calorimeter. Muons are identified by a system composed of alternating layers of iron and multiwire proportional chambers [29] .
Simulated event samples are generated for the signal decays and the decay modes contributing to the background. In the simulation, pp collisions are generated using Pythia [30] with a specific LHCb configuration [31] . The production of B + c mesons, which is not adequately simulated in Pythia, is performed by the dedicated generator Bcvegpy [32] . Several dynamical models are used to simulate B + c → J/ψ µ + ν µ decays. Decays of hadronic particles are described by EvtGen [33] , in which final-state radiation is generated using Photos [34] . The interaction of the generated particles with the detector and its response are implemented using the Geant4 toolkit [35] as described in Ref. [36] .
Data selection
This analysis relies on J/ψ t + candidates satisfying the trigger [37] , which consists of a hardware stage, based on information from the muon system, followed by a two-level software stage, which applies a full event reconstruction. At the hardware stage, a muon with p T > 1.5 GeV, or a pair of muons with √ p T 1 p T 2 > 1.3 GeV, is required. The subsequent lower-level software triggers require a charged-particle track with p T > 1.7 GeV (p T > 1.0 GeV if identified as muon) and with an IP relative to any primary pp-interaction vertex (PV) larger than 100 µm. A dimuon trigger, which requires a large dimuon mass, m µ + µ − > 2.7 GeV, and each muon to have p T > 0.5 GeV, complements the single track triggers. The final software trigger stage requires either a J/ψ → µ + µ − candidate with a J/ψ decay vertex separation from the nearest PV of at least three standard deviations, or that a two-or three-track combination, which includes a muon, is identified as a secondary vertex using a multivariate selection [37] .
In the offline analysis, J/ψ → µ + µ − candidates are selected with the following criteria: p T (µ) > 0.9 GeV; p T (J/ψ ) > 1.5 GeV; χ 2 per degree of freedom (ndf) for the two muons to form a common vertex χ 2 vtx (µ + µ − )/ndf < 9; and a mass consistent with the J/ψ meson. The separation of the J/ψ decay vertex from the nearest PV must be at least five standard deviations. The bachelor track, and at least one of the muons from the decay of the J/ψ meson, must not point to any PV, through the requirement χ 2 IP > 9. The quantity χ 2 IP is defined as the difference between the χ 2 of the PV fitted with and without the considered particle. The bachelor track must not be collinear within 0.8
• with either of the muons from the J/ψ meson decay and must satisfy p T > 0.5 GeV (> 1.0 GeV for π + ). A loose kaon veto is applied to the pion candidates, ln
, where L is the particle identification likelihood [38] . The J/ψ candidates are combined with the bachelor tracks in a kinematic fit to form B [39] . The peak position, the Gaussian mass resolution and the peak amplitude are free parameters in the fit, while the parameters describing small non-Gaussian tails are fixed by a fit to the simulated signal distribution. Using a Gaussian function to model the signal results in a 2.3% relative change in R value, and this is assigned as the systematic uncertainty. The background is smoothly distributed and modeled by an exponential function. Varying the background parameterization and the fit range results in up to a 0.6% relative change in R. A small background from B + c → J/ψ K + decays, peaking 37 MeV below the signal peak, is also included in the fit with all shape parameters fixed from the simulation. Its normalization is constrained to be 1% of the fitted signal amplitude, as predicted by the measured ratio of the branching fractions [14] scaled by an efficiency ratio of 15% obtained from the simulation. The relative systematic uncertainty on R related to this fit component is 0.1%. c → f , f → J/ψ µ + ν µ X decays must be accounted for. Decays to excited charmonium states (f = ψ f µ + ν µ , with ψ f = χ cJ or ψ(2S)) and states containing τ leptons (f = J/ψ τ + ν τ ) are the dominant contributions. Since the rates for such decays have not been measured, we rely on theoretical predictions for
Although the spread in R f predictions is large, the related systematic uncertainty is minimized by restricting the analysis to the high J/ψ µ + mass region. Unreconstructed decay products in the ψ f → J/ψ X transitions (X = γ, ππ, π 0 , η, γγ) or τ + → µ + ν µντ decays carry energy away, lowering the J/ψ µ + mass relative to that from direct B + c → J/ψ µ + ν µ decays, as illustrated in Fig. 2 . The selection requirement in m J/ψ µ is chosen to eliminate the backgrounds from B u,d,s decays to J/ψ mesons associated with hadrons, with one of the hadrons misidentified as a muon. These backgrounds are large because the B u,d,s production rates are orders of magnitude higher than for B + c . Since many exclusive decay modes with various hadron multiplicities and unknown branching ratios contribute, the m J/ψ µ shape of such backgrounds is difficult to predict. The 5.3 GeV lower limit on m J/ψ µ is above the kinematic limit for B + u → J/ψ h + decays, with h + denoting a charged kaon or pion, as illustrated in Fig. 2 . The B u,d,s backgrounds in the selected region are much smaller, and are from B u,d,s → J/ψ X decays paired with a bachelor µ + originating from a semileptonic decay of the companion b quark in the produced bb pair. Simulation of b-baryon decays to final states involving a J/ψ meson shows that they also contribute via this mechanism. The shape of such combinatorial backgrounds is less sensitive to the details of the composition of b-hadron decay modes, and thus is easier to predict. Since the combinatorial backgrounds are dominated by genuine muons, the analysis is not sensitive to the estimation of muon misidentification rates and associated systematic uncertainties.
The m J/ψ µ signal shape is dominated by the endpoint kinematics, whereas the combinatorial background is smooth and extends beyond the kinematic limit for the B + c → J/ψ µ + ν µ decays. The signal yield is determined by a fit to the m J/ψ µ distribution. The feeddown background is small as discussed in detail below. Its shape is constrained by simulation, while its normalization is related to the signal yield via theoretical predictions. The unbinned maximum likelihood fit is performed simultaneously to the m J/ψ µ distribution in data and the signal and background distributions from simulation, in the range of 5.3 to 8.0 GeV, and gives N J/ψ µ = 3537 ± 125 signal events. The m J/ψ µ distributions and the fit results are displayed in Fig. 3 . The fit is described in detail below.
The total PDF used in the fit is the sum of the signal PDF (P sig ), the feeddown background PDF (P fd ) and the combinatorial background PDF (P bkg ),
where α is the feeddown-to-signal yield ratio and N bkg is the combinatorial background yield. The signal shape is dominated by the endpoint kinematics, thus it is modeled as
wherem J/ψ µ = m J/ψ µ − 5.3 GeV and PS(m J/ψ µ ) corresponds to the uniform distribution in the B + c → J/ψ µ + ν µ three-body phase-space,
with the J/ψ and µ masses (M J/ψ and M µ ) set to their known values [40] , and M Bc set to an effective value, which is slightly higher than the B respectively. Relying on the data themselves to determine the signal shape changes the signal yield by +0.7%. The latter value is taken as a systematic error. The feeddown includes contributions from the following B 
and then added, α = f α f , where B casc f is the sum of the measured branching fractions [40] for the ψ f state to decay to a J/ψ meson by emission of unreconstructed photons or light hadrons, and R f is the ratio of the feeddown and the signal reconstruction efficiencies. 3 This quantity is small because of the m J/ψ µ > 5.3 GeV requirement. For χ cJ 
where f 1 and f 2 are parameters determined by the fit. The effect of the unreconstructed decay products X is to lower the effective M Bc value in Eq. (5). Varying the feeddown fraction within its uncertainty changes the signal yield by up to 0.6%. The combinatorial B u,d,s background is parameterized with an exponential function. The tail of the B + u → J/ψ h + distribution, with the light hadron misidentified as a muon, may enter the signal region because of detector resolution. We parameterize it with a Gaussian function, G(m J/ψ µ ), with a mean value and width fixed to the results of the fit to the simulated B + u → J/ψ h + distribution. The exponential and G(m J/ψ µ ) functions together define P bkg (m J/ψ µ ),
where N e normalizes the exponential function to one. The combinatorial background fraction c and the polynomial coefficients b 1 and b 2 are free parameters in the simultaneous fit to the simulated B u,d,s → J/ψ X distribution and to the distribution in the data. To avoid relying on simulation for the absolute values of the muon misidentification rates, c is allowed to vary independently in the fit to the simulated and the observed distributions. A systematic uncertainty of 1.8% is assigned to this background parameterization based on fit results in which either the Gaussian term is neglected or the exponential function is replaced by a sum of two exponential functions.
Varying the upper limit of the mass range used in the fit from 8.0 down to 6.75 GeV, results in a signal yield change of up to 1.5%. Varying the corresponding lower limit from its default value of 5.3 to 5.1 GeV, thus including the peak of the B + u → J/ψ h + component (see Fig. 2 ), or to 5.5 GeV, thus avoiding the tail of that component, results in a relative change in the R value of up to 1.6%.
The default method of the B + c → J/ψ µ + ν µ signal-yield determination relies on simulation to predict the signal and background shapes in the m J/ψ µ distribution. An alternative approach relies on simulation to predict the signal and background shapes of the ∆ sig/bkg (−2lnL) distribution. Correlations between m J/ψ µ and ∆ sig/bkg (−2lnL) variables are small. The requirement on the ∆ sig/bkg (−2lnL) value is removed. The m J/ψ µ range is restricted to 5.3-6.1 GeV to exclude the backgrounds above the B + c kinematic limit. The signal and combinatorial background yields are determined by a fit to the ∆ sig/bkg (−2lnL) distribution in the data. The B + c feeddown simulation predicts a similar ∆ sig/bkg (−2lnL) shape as for the B + c → J/ψ µ + ν µ signal. Therefore, this contribution is not represented explicitly in the fit to the ∆ sig/bkg (−2lnL) distribution, but is subtracted from the fitted signal yield according to the feeddown fraction α. Taking into account the differences in signal efficiency, the B + c → J/ψ µ + ν µ signal yield is consistent with that resulting from the m J/ψ µ fit method within 0.5%, which is included as an additional systematic uncertainty due to the ∆ sig/bkg (−2lnL) requirement in the nominal approach.
Results
The ratio of the reconstruction efficiencies between the two B To check for possible biases due to the neglected correlations between multiple candidates, one candidate is randomly chosen, which changes the R result by 0.4%. The systematic uncertainty associated with the limited knowledge of the efficiency of the ∆ sig/bkg (−2lnL) requirement for B + c → J/ψ µ + ν µ decays is included using the results of the ∆ sig/bkg (−2lnL) fit. To study the corresponding uncertainty for B + c → J/ψ π + decays, the ∆ sig/bkg (−2lnL) requirement is varied, resulting in a 2% variation. The systematic uncertainty associated with the trigger simulation is 3.4%, as estimated by modifying the trigger requirements. The systematic errors are summarized in Table 2 . The total relative systematic uncertainty on R(m J/ψ µ > 5.3 GeV) is 6%.
The result for the ratio of the branching fractions restricted to decays with m J/ψ µ > 5.3 GeV is R(m J/ψ µ > 5.3 GeV) = 0.271 ± 0.016 ± 0.016, where the first uncertainty is statistical and the second is systematic. This ratio is extrapolated to the full phase-space as follows. The model of Kiselev et al.
[21] predicts the fraction of the B + c → J/ψ µ + ν µ rate with m J/ψ µ above 5.3 GeV to be 0.173, which is close to an average over six different models [22, 24, 41, 45, 46] . The largest deviation from this prediction is 7.9%, which is taken as an estimate of the extrapolation systematic error. This increases the systematic uncertainty on R, when extrapolated to the full mass range, to 9.9% yielding R = 0.0469 ± 0.0028 ± 0.0046.
A comparison between the measured and the predicted values of R is shown in Fig. 4 . The measured value is slightly below the lowest predicted value. The predictions by the relativistic quasipotential Schrödinger model of Ebert et al. 
Summary
The ratio of hadronic and semileptonic decay branching fractions of the B 
